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@ Single mode optical fiber 

@ A dual core single mode optical fiber of the 
present invention includes an inner core por- 
tion having a diameter of 2a and a refractive 
Index ni, an outer core portion having a diame- 
ter of 2b and a refractive Index nj which is 
smaller than the refractive Index nt of the inner 
core portion,' the outer core being disposed 
around the inner core, a dad portion disposed 
around tiie outer core portion having a refrac- 
tive index no- The single mode optical fiber 
satisfies relations of : 0.70% < An^ < 1.2%, 0.12 < 
Ana/Ani < 0.16, and 0.15 < 2a/2b < 0.25 ; 0.70% < 
An^ < 0.85%, 0.06< Ana/An^ < 0. 1 2, and 0.20 < 2a/2b 
^ 0.28 ; or An^ ^ 0.7%, 0.06 < Anj/An^ < 0.16, and 
0.15 < 2a/2b < 0.3 ; where Ani = {n^^-no^yn^^, and 
An2 = (n2^no2)/n2^. 

Advantages: low bend loss, low dispersion 
slope. 



FIG. 2A 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a single mode 
optical fiber and, particularly, relates to a single mode 
optical fiber adapted for use in a high-speed digital 

transmission line. 

2. Description of the Conventional Art 

Conventional single mode optical fibers for conv 
munication (hereinafter referred as "SM optical fib- 
ers") are in most cases used at a wavelength of about 
1.3 ^im or about 1.55 ^im, The use at the wavelength 
of about 1.55 ^im, however, has increased from the 
point of view of small loss. As for the refractive index 
distribution (hereinafter referred to as "profile") of the 
SM optical fiber adapted for this wavelength 1 .55 ^m, 
there is an SM optical fiber comprised of an inner core 
having a high refractive index, an outer core having a 
lower refractive index than the refractive index of the 
inner core, and a clad having a lower refractive index 
than the refractive index of the outer core, as dis- 
closed in Examined Japanese Patent Publication No. 
Hei-3-18161. 

As described in the paper "1.55 dispersion 
shift fiber", Fujikura Technical Report, pp. 1-7, No. 
74, in such a conventional SM optical fiber, it has 
been considered suitably that the profile has the re- 
lations: 

Ani % 0.6%, 
Ana/An, < 0.17. 

and 

2a/2b = 0.25 to 0.33 
where the relative refractive index difference of the 
inner core with respect to the dad is represented An^. 
the relative refractive index difference of the outer 
core with respect to the clad is represented by An2, the 
diameter of the inner core is 2a, and the diameter of 
the outer core is represented by 2b. 

Further, the specific refractive index of the inner 
core Ani and the specific refractive index of the outer 
core An2 are expressed as follows: 
Ani = (ni2 - no2)/2ni2, and Ana = {n^ - nf?)l2T\^ 

In Unexamined Japanese Patent Publication No. 
Sho-62-291605, it has been made suitable to have 
the relations: 

An2/Ani = 0.1 -0.4, 

and 

2a/2b = 0.3*0.6. 
In the conventional art described in these litera- 
tures, in view of the reduction of the bending loss of 
light, the refractive index of the inner core is constant 
or decreases unifonmly from the center of the inner 
core toward the outer core. However, since the optical 
fiber Is used for short distance transmission or relay 
transmission, it is possible to neglect the dispersion 



of light pulses due to a nonlinear effect. Accordingly, 
the requests to enlarge mode field diameter (MFD) 
and to reduce the dispersion slope, as will be descri- 
bed later, are not so severe. 

5 If the density of light power in the optical fiber in- 

creases in the case where relayless long-distance 
transmission is to be performed by using optical anv 
piifiers. the spread (dispersion) of light pulses due to 
a nonlinear effect cannot be neglected. It Is therefore 

10 necessary to reduce the light power density, but be- 
cause the reduction of the total quantity of light power 
for this purpose brings an disadvantage such as in- 
crease of bit error or the like, it is effective to widen 
the light power distributton in the sectional direction 

iS of the optical fiber. 

The diameter of the light power distribution, that 
is, the diameter in which light power becomes 1/e as 
much as the center (maximum) of light power. Is 
called MFD (Mode Field Diameter). Accordingly, wid- 

20 ening the light power distribution in the sectional di- 
rection of the optical fiber causes another problem to 
increase MFD. 

In addition, digital transmisston is also being pro- 
ceeded at a high speed in accordance with the intro- 

25 duction of light amplifiers. In such a high-speed digital 
transmission line, the distance between light pulses 
is so small that there also arises a problem in which 
the width of the light pulses is expanded by the wa- 
velength fluctuation of light emitted from a light 

30 source if the dispersion slope of an SM fiber used 
there is large. 

Generally, light having a plurality of wavelengths 
is ordinarily emitted from the light source. Indeed dis- 
persion does not occur since a plurality of light beams 

35 of the respecth^e wavelengths are propagated at al- 
most an equal speed. However, the propagation 
speed in the SM fiber depends on wavelength, so that 
dispersion occurs when the central wavelength gets 
out of zero-dispersion wavelength due to the wave- 

40 length fluctuation of the emitted light. The size of this 
dispersion takes a negative value when the wave- 
length is shorter than the zero-dispersion wave- 
length, and takes a positive value when the wave- 
length is longer than the zero-dispersion wavelength. 

45 The size of the dispersion relative to the wavelength 
changes in an approximately straight line near the 
zero-dispersion wavelength. When the dispersion 
stop, which means the inclination of wavelength dis- 
persion In the zero-dispersion wavelength, is small, 

50 the size of the dispersion is small even In the position 
which is apart from the zero-dispersion wavelength. 

In a conventional 1.55^m SM optical fiber profile, 
at least one of dispersion slope and bending loss Is in- 
creased when MFD is increased, so that the expan- 

55 sion of the MFD and the reduction of the dispersion 
slope cannot be compatible with each other. There- 
fore, there has been a problem on practical use. 
For example, while 20mm4 bending loss is not 
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more than 1 dB when MFD is in the normal region of 
7.5 to 8.0 ^m^. it talces 20 dB or more when 9.0 ^m^. 
The MFD had better be increased In order to restrain 
the dispersion caused by nonlinear effects. However, 
if the 20mmi^ bending loss is above 20 dB conse- 
quently, the possibility to increase the loss in maldng 
the fiber into a cable is so high as to cause a problem 
on practical use. 

In a conventional profile, assume that zero- 
dispersion wavelength is fbced into a predetermined 
wavelength near 1.55 ^m, bending loss satisfies the 
relation 20mm(|) bending loss ^ 1dB/m as well as con- 
ventional one, and cutoff wavelength is set to not 
more than operating wavelength. In order to increase 
MFD, it is necessary to reduce relative refractive in- 
dex difference An^ of an inner core, and increase di- 
ameter 2b of an outercore. However, dispersion slope 
increases then. For example, if the MFD is increased 
from 7.5 ^m^ to 8.0 ^m(|> when the zero-dispersion 
wavelength is 1.56 ^m, the dispersion slope is 
changed from 0.06 ps/nm^/knn or more to 0.075 
ps/nm^/km or more, so that the lower limit is in- 
creased. Therefore, there Is a disadvantage with re- 
spect to the wavelength fluctuation of a light source. 

Further, it is necessary that the zero-dispersion 
wavelength Is set to be longer than the used wave- 
length in order to prevent the mixture of four light 
waves in the case where an optical amplifier is used, 
and it is therefore necessary that the ratio An2/Ani, 
that is, the ratio of the average value An2 of the rela- 
tive refractive Index difference of the outercore to the 
average value Ani of the relative refractive index dif- 
ference of the inner core is set to be smaller, so that 
increase of bending loss arises from this point of view 
to thereby bring a disadvantage In the conventional 
profile. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide 
a single mode optical fiber in which the zero- 
dispersion wavelength is set to be longer so that the 
MFD can be increased without increase of bending 
loss to thereby make it possible to reduce the disper- 
sion due to the nonlinear effect. 

It is another object of the present invention to pro- 
vide a single mode optical fiber in which it is also pos- 
sible to reduce the dispersion slope of such disper- 
sion. 

A single mode optical fiber of the present inven- 
tion includes an inner core portion having a diameter 
of 2a and a refractive index ni, an outer core portion 
having a diameter of 2b and a refractive index n2 
which Is smaller than the refractive Index ni of the in- 
ner core portion, the outer core being disposed 
around the inner core, a clad portion disposed around 
the outer core portion having a refractive index n©. 
The single mode optical fiber satisfies relations of: 



0.70% ^ Ani ^ 1 -2%, 0.12 ^ An2/Ani ^ 0.16, and 0.15 
^ 2a/2b ^ 0.25; 0.70% ^ Ani ^ 0.85%, 0.06^ Ana/Ani 
^ 0.12, and 0.20 m 2a/2b ^ 0.28; or Ani ^ 0.7%, 0.06 
^ Anz/Ani ^ 0.16. and 0.15 ^ 2a/2b ^ 0.3; where An, 

5 = (ni2-no2) /ni2 and Ana = (nj^-no^Vna^. 

According to the present Invention, it is possible 
to elongate zero-dispersion wavelength, and it is 
hence possible to increase MFD from the convention- 
al average 7.5 ^m to 8.0 \im or more or 9.0 ^im without 

10 increasing bending loss. It is therefore possible to pre- 
vent light pulses from being expanded by nonlinear 
effects. 

A single mode optical fiber with this profile can re- 
duce dispersion caused by nonlinear effects without 
15 detenorating any other transmission characteristic, 
so as to reduce the distortion of light signal pulses ef- 
fectively as a single mode optical fiber for long dis- 
tance transmission without any junction. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

in the accompanying drawings; 
Fig. 1 is a sectional view showing a single mode 
optical fiber according to the present invention; 
25 Fig. 2A and 2B are diagrams showing a first pro- 
file, which are distribution of refractive index of a 
core portion of a conventional single mode optical 
fiber; 

Figs. 3A to 3F are first diagrams showing the 
30 measurement results of the prototypical single 
mode optical fibers; 

Figs. 4A to 4F are second diagrams showing the 
results of measurement of the prototypical single 
mode optical fibers; 
35 Figs. 5A to 5F are third diagrams showing the re- 
sults of measurement of the prototypical single 
mode optical fibers; 

Figs. 6A and 6B are explanatory diagrams for ex- 
plaining a second profile; 
40 Fig. 7 is an explanatory diagram for explaining a 
third profile; 

Fig. 8 is a diagram showing the characteristic of 
the third profile; 

Figs. 9A to 9F are diagrams Illustrating a fourth 
45 profile; 

Fig. 10 is a diagram for explaining a profile when 

an inner dad is provided outside an outer core; 

Figs. 11 A and 11 B are explanatory diagrams for 

explaining a fifth profile; 
50 Fig. 1 2 is a diagram showing the characteristic of 

the fifth profile; 

Figs. 13Ato 13E are diagrams illustrating meas- 
urement results of prototype single mode optical 
fibers in example 7; 
55 Figs. 14A and 14B are diagrams illustrating dis- 

tribution of refractive index applied to a single 
mode optical fiber according to the present inven- 
tion in example 7; and 
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Fig. 15 shows transmission characteristics in the 
case of adopting the profiles of Figs. 2B and 14B. 

DETAILED DESCRIPTION OF THE INVENTION 

5 

The detailed description of the present invention 
wit! be described as follows referring to the accompa- 
nying drawings. 

A single mode optical fiber of the present inven- 
tion includes an inner core 1, an outer core 2 and a io 
glad portion 3 as shown in Fig. 1 . The Inner core 1 has 
a diameter of 2a and an average relative refractive In- 
dex difference of Ani based on a refractive index no 
of a dad portion. The outer core 2 disposed outside 
the inner core and having a diameter of 2b and an 15 
average relative refractive index difference of An2 
based on the refractive index no of the clad portion 
and lower than the relative refractive Index difference 
of the inner core. That Is, the refractive Index n^ of the 
Inner core is larger than the refractive index na of the 20 
outer core. The single mode optical fiber of the pres- 
ent invention satisfies the relations of 1) 0.70% ^ Ani 
^ 1.2%, 0.12 ^ Ana/Ani ^ 0.16. and 0.15 ^ 2a/2b ^ 
0.25, or 2) 0.70% ^ Ani ^ 0.85%, 0.06^ Ana/Ani ^ 
0.12, and 0,20 ^ 2a/2b ^ 0.28, where An, = {n^^ 25 
no2)/ni2 and Ana = (na^-no^Vna^. 

In the above single mode optical fiber, the MFD 
can be increased without increase of bending loss by 
increasing the average value Ani of the relative re- 
fractive index difference of the Inner core and reduc- 30 
ing the ratio 2a/2b, that is, the ratio of the diameter 2a 
of the inner core to the diameter 2b of the outer core. 
At this time, for example, In the condition of MFD = 9.0 
^m(|), the 20 mm<|> bending loss is 5 dB or less, which 
Is about 25 % of the conventional one. 35 

On the assumption that the zero-dispersion wa- 
velength and the MFD take constant values respec- 
tively, bending loss is reduced by increasing the aver- 
age value Ani of the relative refractive Index differ- 
ence of the inner core In the condition In which 40 
Ana/Ani, that Is, the ratio of the average value Ana of 
the relative refractive index difference of the outer 
core to the average value Ani of the relative refractive 
index difference of the inner core, is in a range of from 
0.06 to 0.16. This Is because structural dispersion Is 4S 
Increased to thereby make the zero-dispersion wave- 
length large when, for example, the quantity of GeOa 
with which the core portion is doped is increased In 
order to increase the average value Ani of the relative 
refractive index difference of the Inner core, so that so 
the practical zero-dispersion wavelength for one and 
the same MFD can be shifted to a region small in 
bending loss. 

That Is, the wavelength of signal light is set in ac- 
cordance with the zero-dlsperslon wavelength In or- 55 
der to reduce dispersion to zero, or made smaller than 
the zero-dlsperslon wavelength in order to prevent 
the mixture of four light waves. With the zero- 



dlsperslon wavelength made long, It Is possible to 
elongate the wavelength of the signal light. With the 
wavelength of the signal light made long. It Is possible 
to reduce the bending loss. 

Then, the relative refractive index difference 
based on the refractive index no of the dad changes 
in accordance with distance r from the center of the 
optical fiber, and is expressed by: 

An(r) = (n(r)2-no2)/2n(r)2 
When the diameter of the inner core Is 2a and the di- 
ameter of the outer core is 2b. the average value of 
the relative refractive Index difference of the Inner 
core is expressed by: 

Ani = Jo°An(r)dr/a 
and the average value of the relative refractive Index 
difference of the outer core is expressed by: 
Ana = la^An(r)dr/(b - a). 

IHowever, If the average value Ani of the relative 
refractive Index difference of the Inner core Is nrwre 
than 1 .2%, the force to shut light in the core becomes 
so strong as to increase the MFD, it is not enough only 
to reduce the ratio 2a/2b of the inner core diameter to 
the outer core diameter which will be described later. 
Further, it Is therefore necessary to reduce 2b. There- 
fore, as will be described later, the cutoff wavelength 
becomes short so that the bending loss becomes 
large. 

When the average value Ani of the relative re- 
fractive index difference of the inner core is in- 
creased, however, the dispersion slope showing the 
change of the dispersion value with respect to the wa- 
velength is increased to nanrow the range of the zero- 
dispersion wavelength permitted to the optical fiber 
line, whereby the narrowing of the range may become 
a problem. It Is therefore effective to make the aver- 
age value Ani of the relative refractive Index differ- 
ence of the Inner core to be not larger than 1 .2% in or- 
der to obtain the practical dispersion slope 0.1 
ps/nm2/km). 

On the contrary. If the average value Ani of the 
relative refractive index difference of the inner core 
is smaller than 0.7%, the MFD becomes too large. Ac- 
cordingly, it is necessary to increase the diameter 2b 
of the outer core which will be described later. How- 
ever, at that time, the cutoff wavelength is over the 
light signal wavelength unsuitably. Therefore, a suit- 
able range of the average value Ani of the relative re- 
fractive index difference of the Inner core Is from 
0.7% to 1.2%. 

In a conventional profile, the value of the ratk> 
2a/2b of the inner core diameter with respect to the 
outer core diameter has been set comparatively large. 
Accordingly, If the Inner core diameter 2a Is made 
small in order to increase the MFD, It Is also neces- 
sary to reduce the outer core diameter 2b. Then the 
cutoff wavelength becomes short inevitably. General- 
ly, as the MFD becomes larger, or as the cutoff wa- 
velength becomes shorter, the bending loss Increas- 
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es. 

Therefore, in the conventional profile, the bend- 
ing loss has been increased conspicuously because 
the increase of the MFD and the reduction of the cut- 
off wavelength occur at the same time. 5 

In a profile of the present invention, the ratio 
2a/2b of the Inner core diameter with respect to the 
outer core diameter Is reduced. It Is therefore possible 
to reduce 2a to increase the MFD while the outer core 
diameter 2b is increased to elongate the cutoff wave- io 
length. That is, it is possible to increase the MFD with- 
out increasing the bending loss. Then, even if the cut- 
off wavelength is elongated thus, the cutoff wave- 
length must not be over the signal light wavelength 
established near 1.55 ^im. 15 

Therefore, a preferable range of the value of the 
ratio 2a/2b of the inner core diameter with respect to 
the outer core diameter is from 0.15 to 0.25, which is 
smaller than a range of from 0.25 to 0.33 or from 0.3 
to 0.6 In the conventional profile. 20 

In order to elongate the cutoff wavelength, the ra- 
tio An2/An^ of the average value of the relative refrac- 
tive index difference of the outer core to the average 
value of the relative refractive index difference of the 
inner core may be Increased, instead of Increasing the 25 
outer core diameter 2b. However, in the conventional 
profile with a large ratio 2a/2b of the inner core diam- 
eter to the outer core diameter, when the MFD Is set 
to not less than 9 |im<t>, the cutoff wavelength cannot 
be made enough long only by increasing the ratio 30 
An2/Ani of the average value of the relative refractive 
index difference of the outer core to the average val- 
ue of the relative refractive index difference of the in- 
ner core. 

Also in a profile in the present Invention, when the 35 
MFD is set to not less than 9 ^mi|>, the lower limit of 
the ratio An2/Ani of the average value of the relative 
refractive index difference of the outer core to the 
average value of the relative refractive index differ- 
ence of the inner core must be set to 0.12 in order to 40 
ensure enough long cutoff wavelength. Since the cut- 
off wavelength must not be above the signal light wa- 
velength established near 1 .55 ^m, the upper limit of 
the ratio AnjAn^ must be set to not more than 0.16. 

Therefore, a preferable range of the ratio An2/Ani 45 
of the average value of the relative refractive Index 
difference of the outer core to the average value of 
the relative refractive index difference of the inner 
core is in the range of 0.1 2 to 0.1 6. 

In addition, In the present invention, the ratio 50 
2a/2b of the Inner core diameter to the outer core di- 
ameter is set to be smaller than that in a conventional 
profile, and the region where dispersion slope be- 
comes small in a large MFD is shifted to the neighbor- 
hood of 1.55 Jim which is a zero-dispersion wave- 55 
length, so that the dispersion slope can be reduced 
even if the MFD is increased. At this time, the disper- 
sion slope becomes not tmre than 0.070 ps/nm^/km 



when the MFD is not less than 8.0 \sxn^, so that the 
dispersion slope can be reduced by 8% in comparison 
with a conventional one. 

In the same manner as in a profile according to 
the conventional art, in the region where the ratio 
2a/2b of the inner core diameter to the outer core di- 
ameter is large, the dispersion slope becomes large 
when the MFD is increased. If the value of this ratio 
2a/2b of the inner core diameter to the outer core di- 
ameter is reduced to not more than 0.28, the region 
where the dispersion slope becomes small in a large 
MFD Is shifted to the neighborhood of 1.55 ^m which 
is a zero-dispersion wavelength. Therefore, in the 
neighborhood of the zero-dispersion wavelength 
1 .55 ^m, the dispersion slope can be reduced even if 
the MFD is Increased. 

Even when the ratio 2a/2b of the Inner core diam- 
eter to the outer core diameter is reduced then, it is 
necessary to increase the outer core diameter 2b so 
as to keep the Inner core diameter 2a almost constant. 
It Is because that if the ratio An2/Ani of the average 
value of the relative refractive index difference of the 
outer core to the average value of the relative refrac- 
tive index difference of the inner core and the inner 
core diameter 2a are constant, the wavelength de- 
pendence of structural dispersbn increases to re- 
duce the dispersion slope though the change of the 
MFD Is small. For example, if 2a is kept near 5.25 \irr\ 
in each 2a/2b with the aim of Ani = 0.8%, MFD = 8.0 
nm and zero-dispersion wavelength = 1,560 nm, the 
dispersion slope can be reduced to not more than 
0.069 ps/nm2/km in 2a/2b ^ 0.28 though not less than 
0.071 ps/nm^/km in 2a/2b > 0.28. 

In addition, if a region where the relative refrac- 
tive Index difference increases from the center to- 
ward the outside is provided in the inner core or the 
outer core, the dispersion slope can be reduced effec- 
tively. In comparison between a profile with an inner 
core or an outer core including a region where the re- 
fractive index increases toward the outside and a pro- 
file which does not have such a region In which Ani 
as well as 2a/2b are same and also the zero- 
dispersion wavelength is same, the dispersion slope 
can be more reduced in the profile having such a re- 
gton if An2/Ani and 2b are selected so that the MFDs 
of the both profiles are equal to each other. 

As has been described above, the effect obtained 
by the provision. In the inner or outer core, of the re- 
gion where the relative refractive index difference in- 
creases from the center toward the outside can be ap- 
plied to a profile according to the prior art, but may be 
combined with a profile according to aforementioned 
profile according to the present Invention. 

Further, if an Inner dad where an average value 
Ano, of the relative refractive index difference to the 
refractive index n© of the clad Is negative is provided 
outside the outer core, it is possible to reduce the dis- 
persion slope on a large scale. 
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Fig. 10 is a diagram for explaining a profile when 
an inner clad is provided outside an outer core. In the 
drawing, the abscissa designates a distance r from 
the center of an SM fiber, and the ordinate designates 
a relative refractive Index difference An(r) at the dis- 5 
tance [from the center. The relative refractive index 
difference in a clad takes the reference value 0. The 
values 2a and 2b designates an inner core diameter 
and an outer core diameter as described above. De- 
fined nrK3re strictly, the position at a distance a from io 
the center is a position where An(a) is 1/3 as large as 
the core maximum value An(0), and the outside of 
which has An(r) not larger than this value An(a). The 
position at a distance b from the center Is a position 
which has the sharpest inclination of An(r) to r, and is 
which Is between 3.5a and 5.0a when the ratio 2a/2b 
of the inner core diameter to the outer core diameter 
is set to 0.2 to 0.28. The value 2c designates the di- 
ameter of the Inner clad. Defined more strictly, 2c 
designates a point where Ano(r} returns to 0 from 20 
minus. 

If such an inner clad is provided, the structural 
dispersion is reduced to shift the zero-dispersion wa- 
velength to the short wavelength side. But the shift 
can be prevented by increasing the inner core diam- 25 
eter 2a. It is the reason of the possibility of such pre- 
vention that the structural dispersion increases sud- 
denly to plus If the inner core diameter 2a is increased 
in the long wavelength region, so that the phenomen- 
on that the material dispersion Increases suddenly to 30 
minus is compensated in a wide range. However, 
since the existence of the inner dad causes the in- 
crease of the bending loss under the same MFD, 
there is a limit in the size of the region of this inner 
clad, and the value of the relative refractive Index dif- 35 
ference of the inner dad. 

Preferably, the size of the region of this Inner dad 
is set In the region 3b ^ 2c ^ 9b. In addition, prefer- 
ably the relative refractive index difference of the in- 
ner dad Is established so that its integral value S de- 40 
fined by the expression 

S = Ji>^An(r)dr 
satisfies the expression 

S ^ - 0.06 ^im. 

Further, the increase of this bending loss can be 4S 
restrained by reducing the relative refractive index 
difference of the Inner clad toward the outside. For 
example, if provided is an Inner dad where An(r) de- 
creases toward the outside in the region which occu- 
pies at least 1/3 of the width of the inner clad region so 
and comes to the outside of the inner dad region, the 
increase of the bending loss becomes small relatively 
to the decrease of the dispersion slope in spite of the 
same integral value S2 = lb*^An(r)dr of the relative re- 
fractive index difference of the inner dad. According- 55 
ly the dispersion slope can be reduced under the 
same bending loss and MFD. For the dispersion slope 
depends on the integral value S = ib^An(r)dr of the rel- 



ative refractive index difference of the Inner dad 
while the size of the bending loss depends on the 
width (c-b) of the inner dad and the depth of An(c). 

Example 1 

Figs. 2A and 2B are diagrams illustrating a first 
profile. In Fig. 1A, the relative refractive index differ- 
ence of the inner core is constant. In Fig. IB, the rel- 
ative refractive index difference of the inner core de- 
creases uniformly from the center toward the inner 
core. These are similar to the specific refractive index 
distribution of the conventional single mode optical 
fiber. Refractive Index is constant in the outer core 
and the clad in each case. The first profile shown in 
Figs. 1 A and 1 B were applied to various kinds of pro- 
totypical single mode optical fibers manufactured. 

Figs. 3A to 3F are first diagrams showing the 
measurement results of the prototypical single mode 
optical fibers. These diagrams show the value of 20 
mm<|> bending loss In the case where the 20 mm^ 
bending loss took the minimum value In each value of 
the ratio 2a/2b of the inner core diameter to the outer 
core diameter when measurement was carried out un- 
der the condition that the outer core diameter 2b and 
the ratio Ana/An^ of the average value of the relative 
refractive index difference of the outer core to the 
average value of the relative refractive Index differ- 
ence of the inner core were selected desirably so as 
to satisfy the relations: 
MFD ^ 9 ^m<|^, 

zero-dispersion wavelength = 1560±10 nm, 
cutoff wavelength ^ 1500 nm, and 
20 mm<t) bending loss ^ 5 dB/m. 
by use of the average value An^ of the relative refrac- 
tive index difference of the inner core as a parameter. 
Incidentally, the bending loss was measured as a loss 
which occunred when the optical fiber was bent to 
form a circular arc with a diameter of 20 mm, and this 
bending loss was made to be called "20 mm<^ bending 
loss". 

From Figs. 3B, 3C, 3D and 3E, it is understood 
that the average value An^ of the relative refractive in- 
dex difference of the inner core takes 0.7 to 1 .2 % and 
the 20 mm^ bending loss becomes not more than 5 
dB/m when the ratio 2a/2b of the inner core diameter 
to the outer core diameter takes 0.1 5 to 0.25. 

Figs. 4A to 4F are second diagrams showing the 
results of measurement of the prototypical single 
mode optical fibers. These diagrams show the value 
of 20 mm<|) bending loss in the case where the 20 mm<|> 
bending loss took the minimum value In each value of 
the ratio An2/Ani of the average value of the relative 
refractive index difference of the outer core to the 
average value of the relative refractive index differ- 
ence of the inner core when the measurement was 
carried out under the condition that the outer core di- 
ameter 2b was selected desirably so as to satisfy the 
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relations: 

MFD ^ 9 ^m(|), 

zero-dispersion wavelength = 1560 ±10 nm, 

and 

cutoff wavelength ^ 1500 nm 
by use of the average value APi of the relative refrac- 
tive index difference of the inner core as a parameter 
In the same manner within the range of 0.15 to 0.25 
of the ratio 2a/2b of the inner core diameter to the out- 
er core diameter established by use of Figs. 2A to 2F 
described above. 

From Figs. 4B, 4C, 4D and 4E, it is understood 
that the ratio AnJAn^ of the average value of the rel- 
ative refractive index difference of the outer core to 
the average value of the relative refractive index dif- 
ference of the Inner core takes 0.12 to 0.16 and the 
20 mm<t> bending loss becomes not more than 5 dB/m 
when the average value Ani of the relative refractive 
index difference of the inner core takes 0.7 to 1.2%. 

Data in the case where the ratio 2a/2b of the inner 
core diameter to the outer core diameter is large are 
not stated in Figs. 4Aand 4E for the reason that If the 
relations MFD ^ 9 ^m<|> and zero-dispersion wave- 
length = 1560 ± 10 nm are set in this region, the cutoff 
wavelength is above 1 ,500 nm not to satisfy the gh^en 
conditions. 

Further, in order to define an effective range not 

to Increase the dispersion slope in spite of increasing 
the MFD, various kinds of prototype single mode opt- 
ica] fibers were manufactured and the characteristics 
thereof were examined. As for the aforementioned re- 
spective characteristic values, measurement results 
are shown in Figs. 5A to 5F upon the assumption that 
the characteristic having the following values: 
MFD ^ 8 ^m(t), 

zero-dispersion wavelength = 1560±10 nm, 
20 mm<^ bending loss ^ 1 dS/m, 
cutoff wavelength ^ 1500 nm, and 
dispersion slope ^ 0.07 ps/nm^/km 
are regarded as preferable characteristic. Incidental- 
ly, the bending loss was measured as a loss which oc- 
curred when the optical fiber was bent to form a cir- 
cular arc with a diameter of 20 mm, and this bending 
loss was made to be called "20 mmi|) bending loss". 
The first profiles shown in Figs. lAand 1B were ap- 
plied to the various kinds of prototype single mode 
optical fibers. 

There were arranged six cases of Figs. 5A to 5F 
with the average value Ani of the relative refractive In- 
dex difference of the Inner core as a parameter. In the 
drawing, the symbol O represents a profile which sat- 
isfies the good characteristic, the symbol x repre- 
sents a profile which the cutoff wavelength cannot 
satisfy the good characteristic, the symbol • a profile 
which the zero-dispersion wavelength cannot satisfy 
the good characteristic, the symbol ▲ a profile which 
the MFD cannot satisfy the good characteristic, and 
the symbol ■ a profile which the dispersion slope 



cannot satisfy the good characteristic. 

(1) In the case of AnjAn^ > 0.12, in most of the 
profiles, the cutoff wavelength is above 1,500 
nm, or the zero-dispersion wavelength does not 

5 take 1,560 ± 10 nm. 

On the contrary: 

(2) In the case of Ana/Ani < 0.06, there Is a case 
where the MFD is less than 8 |im<t>. 
Therefore: 

10 0.06 ^An2/Ani ^0.12 

Is a preferable region. 

In addition: 

(3) In the case of 2ay2b > 0.28, there is a case 
where the MFD is less than 8 ^m<|» or the disper- 

15 sion slope is more than 0.07 ps/nm^/km. 
On the contrary: 

(4) In the case of 2a/2b < 0.20, there is a case 
where the cutoff wavelength Is above 1 ,500 nm 
or the MFD is less than 8 ^mi^. 

20 Therefore: 

0.20 ^ 2a/2b ^ 0.28 
is a preferable range. 
Further. 

(5) In the case where the average value An^ of the 
25 relative refractive index difference of the inner 

core Is larger than 0.85% (see Fig. 5F), and when 
the average value Ani of the relative refractive in- 
dex difference of the inner core is smaller than 
0.70% (see Fig. 4A), most of the profiles do not 

30 satisfy the standards even when the ratio AnJAn^ 
of the average value of the relative refractive In- 
dex difference of the outer core to the average 
value of the relative refractive index difference of 
the inner core and the ratio 2a/2b are within the 

35 aforementioned preferable ranges respectively. 
Therefore: 

0.70% s Ani ^0.85% 
Is a preferable range (see Figs. 5B, 5C, 5D and 
5E). 

40 In conclusion from the above discussk)n, it is 

understood that 

0.06 ^Ana/Ani ^0.12, 
0.20 ^ 2ay2b ^ 0.28, 

and 

45 0.70% < Ani < 0.85% 

are preferable ranges. 

Example 2 

so Figs. 6A and 6B are explanatory d iagrams for ex- 
plaining a second profile. Fig. 6A is a diagram show- 
ing a second profile, and Fig. 6B is a diagram showing 
a comparative example. In this example, there is pro- 
vided a region where the relative refractive index dif- 

55 ference increases from the center toward the outside 
in both an inner core and an outer core. 

As Included in the good range for increasing MFD 
without increasing bending loss in the above descrip- 
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tion, the relations zero-dispersion wavelength = 1 560 
nm and MFD = 9.2 \im^ were established when the 
average value An^ of the relative refractive index dif- 
ference of the Inner core was 0.9, the ratio An2/Ani of 
the average value of the relative refractive index dif- 
ference of the outer core to the average value of the 
relative refractive index difference of the Inner core 
was 0.13, and the ratio 2a/2b of the inner core diam- 
eter to the outer core dianrteter was 0.24. 

In Fig. 6A, in the inner core, the relative refractive 
index difference An(r) increased in a straight I Ine from 
the relative refractive index difference An(0) = 0.8 % 
at the fiber center to An(a) = 1 .0 %. In the outer core, 
the relative refractive index difference An(r) took 0.06 
from a to (a+b)/2, and 0.18 from (a+b)/2 to b. In a clad, 
the relative refractive index difference An(r) took 0 %. 
The 20 mm<|) bending loss became 3.4 dB/m. 

Fig. 6B shows a profile where the relative refrac- 
tive Index difference is constant in both an Inner core 
and an outer core. Under the condition of MFD = 9.0 
fim<|), 20 mm(|> bending loss became 2.8 dB/m. If the 
ratio 2a/2b of the Inner core diameter to the outer core 
diameter was changed, and the value of MFD = 9.0 
\irr\^ was set, the 20 mtn^ bending loss became not 
less than 4 dB/m. Accordingly, the bending loss was 
advantageously smaller In the profile of Fig. 6A. 

In Fig. 6A, the region where the relative ref racth^e 
index difference increases from the center toward the 
outside may be provided in either the inner core or the 
outer core. 

Example 3 

Fig. 7 Is an explanatory diagram for explaining a 
third profile. In this example, a region where the rel- 
ative refractive Index difference increases from the 
center toward the outside is provided in an inner core. 

As Included in the good range for Increasing MFD 
without increasing bending loss in the above descrip- 
tion, the values of zero-dispersion wavelength = 1 560 
nm, cutoff wavelength ^ 1 500 nm and MFD = 9.0 \iro^ 
were established when the average value An^ of the 
relative refractive Index difference of the Inner core 
was 0.73 to 1.1%, the ratio AnJAn^ of the average val- 
ue of the relative refractive index difference of the 
outer core to the average value of the relative refrac- 
tive Index difference of the Inner core was 0.12 to 
0.1 6, and the ratio 2a/2b of the Inner core diameter to 
the outer core diameter was 0.21. In the Inner core, 
the relative refractive index difference An(r) took 
An' from the fiber center to a/3, and 1 .1 from a/3 to a, 
while An2 in the outer core. 

Fig. 8 is a diagram showing the characteristic of 
the third profile. There is shown a relationship be- 
tween (Jo='An(r)dr)/(Joa'3/^n(r)dr) and 20 mm^ bending 
loss as An' is varied. The case of 
(Jo«An{r)dr)/(Jo«^An(r)dr) = 3 means the case that the 
relative refractive index difference of the inner core 



takes a constant value of 1.1%. It Is understood that 
the 20 mnv^ bending loss can be advantageously re- 
duced to 3.7 dB or less when this value is 3 to 5. It Is 
the reason for no data in the right of the point A In Fig. 
5 8 that there is no profile with MFD = 9.0 ^m<^ when the 
zero-dispersion wavelength = 1560 nm Is establish- 
ed. 

Example 4 

10 

Figs. 9A to 9F are diagrams illustrating a fourth 
profile. There is provided a region where the relative 
refractive index difference of an inner core or that of 
an outer core increases from the center toward the 

15 outside. 

As Included In the good range for Increasing MFD 
without Increasing dispersion slope in the above de- 
scription, 2b was established so that the values of 
zero-dispersion wavelength = 1560 nm and MFD = 

20 8.0 \im^ were established when the relative refractive 
index difference Ani of the Inner core was 0.8%, and 
the ratio 2a/2b of the inner core diameter to the outer 
core diameter was 0.24. Here, the width of the core 
diameter of the portion where the relative refractive 

25 index difference increases is r+, and the increment of 
the relative refractive index difference is An-i-. 

In Fig. 9A, there is a region where the relative re- 
fractive Index difference increases from the center 
toward the outside In the vicinity of the outer periph- 

30 ery of the Inner core, with the width of the incremental 
region t+ = 0.04b, and the increment of the relative re- 
fractive index difference An+ = 0.23 %. On the other 
hand, in Fig. 9B, there Is a region where the relative 
refractive index difference increases in a straight line 

35 from the center toward the outside all over the inner 
core, with the width of the incremental region r+ = 
0.22b, and the increment of the relative refractive in- 
dex difference An+ = 0.16%. Because the line of the 
profile connecting the inner core and the outer core 

40 is inclined so that r-*- < a, the width does not take r-i- = 
0.24b in spite of 2a/2b = 0.24. While the dispersion 
slope took 0.0694 ps/nm^/km in the case where a pro- 
file as shown in Fig. 2Aor 2B was adopted, the dis- 
persion slope took 0.0685 to 0.0687 ps/nm^km, that 

45 Is, the dispersion slope could be reduced, in the case 
where a profile as shown in Fig. 9A or 9B was adopt- 
ed. The characteristics of cutoff wavelength ^ 1500 
nm, and 20 mm^ bending loss ^ 1 dB/m were main- 
tained at this time, with the advantage of the reduc- 

50 tion of the dispersion slope. 

In Fig. 9C, there is a region where the refractive 
Index increases from the center toward the outside all 
over the outer core, with the increment of the relative 
refractive Index difference An+ = 0.21%. In Fig. 9D, 

55 there Is a region where the refractive index increases 
from the center toward the outside In an outside par- 
tial region of the outer core, with the width of the in- 
cremental regk)n r+ = 0.45b, and the increment of the 



8 



15 



EP 0 689 068 A1 



16 



relative refractive Index difference An+ = 0.34%. Fig. 
9E shows a special embodiment of Fig. 9C, in wiiich 
the relative refractive Index difference becomes neg- 
ative in an inside portion of an outer clad, with An(a) 
= -0.06%, and the increment of the relative refractive 5 
Index difference An+ = 0.25%. While the dispersion 
slope took 0,0694 ps/nm^/km in the case where a pro- 
file as shown in Fig. 6Aand SB was adopted, the dis- 
persion slope took 0.0678 to 0.0684 ps/nm^/km, that 
is, the dispersion slope could be reduced, in the case io 
where a profile of the outer core as shown In Fig. 9C, 
9D or 9E was adopted. 

In any profile shown In Figs. 9A to 9E, a region 
where the refractive Index Increases from the center 
toward the outside was provided at one place in either is 
the Inner core or the outer core. However, as shown 
previously in Fig. 6A, such a region where the relative 
refractive Index difference increases from the center 
toward the outside may be provided in both the inner 
core and the outer core, for example, as shown in Fig . 20 
9F In which Figs. 9A and 9C are combined. Although 
both the increment of the relative refractive index dif- 
ference in the inner core and the Increment of the rel- 
ative refractive Index difference in the outer core are 
expressed by An-i- in Fig. 9F, it is not always neces- 25 
sary to give them the same value. For example, the 
conditions are such that r+ = 0.04b, An+ = 0.15% in 
the Inner core, An+ = 0.20% in the outer core, An(a) 
= 0, and An(b) = 0.20%. Further, a plurality of incre- 
mental regions may be provided at desired places 30 
without distinction of the Inner core and the outer 
core. 

Example 5 

35 

Figs. IIAand 11B are explanatory diagrams for 
explaining a fifth profile. In Fig. 11A, an inner clad 
where the relative refractive index difference takes a 
constant negative value is provided between an outer 
core and a clad. In Fig. 11 B, an Inner clad where the 40 
relative refractive Index difference An(r) Increases in 
the negative direction toward the outside is provided 
between an outer core and a clad. The outline of this 
profile has been described with Fig. 10. As included 
In the good range for increasing MFD without Increas- 45 
ing dispersion slope in the above description, the val- 
ues of zero-dispersion wavelength = 1560 nm, MFD 
= 8.0 ^m<|>, and cutoff wavelength ^ 1500 nm were es- 
tablished when Ani was made 0.8%, the ratio AnJAn^ 
of the average value of the relative refractive Index so 
difference of the outer core to the average value of 
the relative refractive Index difference of the inner 
core was made 0.1. and the ratio 2a/2b of the inner 
core diameter to the outer core diameter was made 
0.24. 55 

In Fig. 11 A, adopted is a profile where the outer 
diameter c of the inner clad is made 1 .8b, and the rel- 
ative refractive Index difference An(r) takes a nega- 



tive constant value between the outer diameter b of 
the outer core and the outer diameter c of the inner 
clad. In this region of the inner clad, when the integral 
value of the relative refractive index difference An(r) 
was designated by S, the integral value S was set to 
the value of: 

S = Jb<^An(r)dr = - 0.02 ^m. 

While the dispersion slope took not less than 
0.066 ps/nm^/km in the case where a profile having 
no inner clad as shown In Fig. 2Aor 28 was adopted, 
the dispersion slope took 0.06 ps/nmVkm In the mini- 
mum in the case where the above-mentioned profile 
of Fig. 11 A was adopted, and as a result the disper- 
sion slope could be more reduced in the case where 
the profile of Fig. 11 A was adopted. 

However, if the above-mentioned profile of Fig. 
11 A was adopted, the 20mm<|> bending loss was 
Indeed put down to 1 dB/m or less, but it was about 
twice as large as that in the case where a profile as 
shown In Fig. 2A or 28 was adopted. 

Example 6 

Fig. 12 Is a diagram showing the characteristic of 
the fifth profile. This diagram shows the decrement 
of the dispersion slope relative to S = Jb*^An(r)dr which 
is an integral value of the relative refractive index dif- 
ference An(r), when Ani = 0.8%, MFD = 8.0 \im^ and 
zero-dispersion wavelength = 1560 nm. Here the dec- 
rement of the dispersion slope means the quantity of 
the dispersion slope with reference to the minimum 
value of the dispersion slope 0.066 ps/nm^/km as 1 in 
the case where a profile having no inner clad with a 
minus relative refractive index difference as shown in 
Figs. 2Aand 28 is adopted. 

As is apparent from Fig. 12, the decrement of the 
dispersion slope takes a peak with S = -0.06 ^m, the 
bending loss increases in vain even if S is decreased 
to less than - 0.06 ^m. Therefore: 
S g - 0.06 ^m 
is a preferable range. 

On the other hand, in Fig. 11 B, the relative refrac- 
tive index difference An(r) decreases toward the out- 
side in the region which occupies at least 1/3 of the 
width of the region of an Inner clad In the outer circum- 
ferential part of the inner clad. In Fig. 11B, if the outer 
diameter of the inner clad is c = 2b, and the integral 
value of the relative refractive index difference An(r) 
In the Inner clad regton is S, the integral value S was 
set to the value of: 

S = JbCAn(r)dr = - 0.02 ^im. 

While the dispersbn slope took not less than 
0.066 ps/nm^/km in the case where a profile as shown 
in Fig. 2A or 2B was adopted, the dispersion slope 
took 0.06 ps/nm2/km in the minimum in either case 
where a profile as shown in Fig. 11 A or 11 B was 
adopted, and as a result the dispersion slope could be 
more reduced in the case where the profile of Fig. 11 A 
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or 11 B was adopted. 

While the 20mm(t> bending loss was 0.7 dB/m in 
the profile of Fig. 11 A, It was 0.5 dB in the profile of 
Fig. 11B» smaller and more advantageous. 

In the profile as shown in Fig. 1 1 B, the relative re- 5 
fractive Index difference An(r) may decrease toward 
the outside in the region which occupies 1/3 or more 
of the width of the inner clad region and comes to the 
outside of the inner clad region. 

Although the second and third profiles shown in io 
Figs. 6A, 6B and 7 were adopted In the good range for 
increasing MFD without increasing bending loss, and 
the fourth profile shown in Fig. 9 was adopted in the 
good range for Increasing MFD without increasing 
dispersion slope, they can be adopted in either good is 
range In the same manner as the first profile shown 
in Figs 2A and 2B. 

Furthermore, the single mode optical fiber of the 
present invention satisfies the relations: An^ ^ 0.7%, 
O.oe^Ana/Ani ^0,16, and 0.15 ^ 2a/2b ^ 0.3 when 20 
Ani and An2 are expressed as follows: Ani = {n2^ - 
no2)/2ni2, and Ana = ("2^ - no2)/2n22. In addition, it is 
preferable that the optical fiber satisfies the relation 
of Ani ^1.2%. 

In the single mode optical fiber of the present in- 25 
vention, the MFD can be increased by increasing the 
specific refractive Index Ani of the inner core to re- 
duce 2b/2a but without increase of bending loss. Fur- 
ther, in this profile, bending loss can be suppressed 
to a practically problemiess level even in the case 30 
where the zero-dispersion wavelength is set to be lon- 
ger. Further, the provision of a region in which the re- 
fractive index of the inner core increases from the 
center of the innercore toward the outside of the inner 
core, is effective for reduction of the dispersion slope. 35 

On the assumption that the zero-dispersion wa- 
velength and the MFD take constant values respec- 
tively, bending loss is reduced by increasing Ani in the 
condition in which Ana/Ani is in a range of from 0.06 
to 0.16. This is because structural dispersion Is In- 40 
creased to thereby make the zero-dispersion wave- 
length large when, for example, the quantity of GeOa 
with which the core portion is doped is increased in 
order to increase An^ so that the practical zero- 
dispersion wavelength for one and the same MFD can 45 
be shifted to a region small In bending loss. 

When Ani is increased, however, the dispersion 
slope showing the change of the dispersion value with 
respect to the wavelength is Increased to narrow the 
range of the zero-dispersion wavelength permitted to 50 
the optical fiber line, so that the narrowing of the 
range may become a problem. It is therefore effective 
that Ani satisfies the relatk>n Ani^1 .2% in order to ob- 
tain the practical dispersion slope (^0.1 ps/nm2/km). 

Further, when as the profile of the inner core 55 
there is a portion in which the refractive index increas- 
es from the center of the Inner core to the outside, the 
zero-dispersion wavelength in a region of large core 



diameter b becomes shorter than that of an optical 
fiber having the same core diameter (a, b) and the 
same specific refractive index Ani, An2. In this occa- 
sion, transmission characteristic such as MFD, cutoff 
wavelength, etc. little changes, so that only the zero- 
dlsperslon wavelength can be shifted to the long wa- 
velength side selectively. This arises a merit that the 
dispersion slope can be set to be smaller to obtain a 
predetermined range of zero-dispersion wavelength, 
MFD and cutoff wavelength compared with the profile 
In which the refractive index of the inner core is con- 
stant or decreases uniformly as from the center of the 
inner core toward the outer core. 

Example 7 

Various kinds of prototype single mode optical 
fibers were manufactured and the characteristics 
thereof were examined. As for the aforementioned re- 
spective characteristic values, measurement results 
are shown in Figs. 13Ato 13E upon the assumption 
that the characteristic having the following values 
MFD ^ 8 ^m, 

zero-dispersion wavelength = 1560±5 nm, 
20 mm(|> bending loss ^ 0.02 dB/m, and 
cutoff wavelength ^ 1550 nm 
is regarded as preferable characteristic. Incidentally, 
the bending loss was measured as a loss which oc- 
curred when the optical fiber was bent to fomn a cir- 
cular arc with a diameter of 20 mm, and this bending 
loss was made to be called "20 mm^ bending loss". 

There were arranged five cases as shown in Figs. 
13Ato 13E with Ana/Ani as a parameter. In the draw- 
ings, the symbol x represents a profile which cannot 
satisfy the aforementioned good characterlstk:, and 
the symbol C represents a profile which satisfies the 
good characteristic. 

(1) In the case of Ana/Ani > 0.16 (see Fig. 13A), 
cutoff wavelength Is over 1,550 nm In nrastof the 
profiles. 

On the contrary: 

(2) In the case of An2/Ani < 0.06 (see Fig. 13E), 
20 mm(|) bending loss is not less than 2 dB/m. 
Therefore: 

O.Oe^Ana/Ani ^0.16 
is a preferable region (see the Figs. 13B, 13C and 
13D). 

In the case of 0.06 ^ AnJAn^ ^ 0.16: 

(3) 20 mm<|) bending loss ^ 0.2 dB/m when 2a/2b 
> 0.3; and 

(4) cutoff wavelength is longer than 1,550 nm 
when 2a/2b<0.15. 

Therefore: 

0.15 ^2a/2b^ 0.4 
is a preferable range (see the diagrams Figs. 
13B, 13C and 13D). 

Further, it was found that: 

(5) when Ani < 0.7%, there Is no profile In which 
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MFD, bending toss and zero-dispersion wave- 
length are all good. 

Therefore, it is understood that 
0.06 ^Anz/Ani ^0.16 
0.15 ^2a/2b^ 0.3 
Ani S 0.7% 
are preferable ranges. 

Since a normal transmission system can be used 
satlsfylngly even if: 

MFD < 8.0 urn 
there is a profile satisfying the bending loss charac- 
teristic even if: 

Ani < 0.7% 

However, in the case of a high-speed digital transmis- 
sion optical fiber, particularly in the case that the 
product of a bit rate and optical fiber length is above 
5x10^2 Hz^km, a profile In the aforementioned range 
is available. 

Figs. 2A and 2B are diagranr^s illustrating the re- 
fractive index distribution of a core portion of a con- 
ventional single mode optical fiber. In a profile of an 
inner core, as illustrated, the refractive index is con- 
stant, or decreases uniformly from the center toward 
the inner core. 

Figs. 14A and 14B are diagrams illustrating the 
refractive index distribution applied to a single mode 
optical fiber in this example. The refractive index of 
an inner core has an area in which the refractive index 
increases from the center toward the outside. 

The refractive index distribution of the inner core 
was also examined. With a profile in the aforemen- 
tioned region by which good characteristics can be 
obtained, dispersion slope obtained was about 10% 
smaller in the case of adopting a profile of an inner 
core as shown in Figs. 14A and 14B having an area 
where the refractive index increases from the center 
toward the outside, than in the case of adopting a pro- 
file of an inner core as shown in Figs. 2A and 28, even 
If they have the same MFD, zero-dispersion wave- 
length and bending loss characteristic. Fig. 15 shows 
transmission characteristics in the case of adopting 
the profiles of Figs. 28 and 14B. 

From these results, in the present invention, it is 
understood that it is advantageous that the refractive 
Index of an Inner core has an area where the refrac- 
tive index increases from the core center toward the 
outside. This result can be also obtained when an out- 
er core has a portion where the refractive index in- 
creases from the center toward the outside (clad). 



Claims 

1. A single nrKKJe optical fiber comprising: 

an Inner core portion having a diameter of 
2a and a refractive index n^; 

an outer core portion having a diameter of 
2b and a refractive index n2 which is smaller than 



the refractive index Hi of said inner core portion, 
said outer core being disposed around said inner 
core; 

a clad portion disposed around said outer 
5 core portion, which has a refractive index no. 

wherein said single mode optical fiber sat- 
isfies relations of: 

0.70%^ An, ^ 1.2%, 
0.12 ^ Ana/AHi m 0.16, 

10 and 

0.15 ^2a/2b^ 0.25 
where Ani = (ni^-no^yni^ and An2 = (n22- 
no2)/n22. 

15 2. A single mode optical fiber as claimed in claim 1 , 
wherein said single mode optical fiber has at least 
one region in which the relative refractive index 
difference of at least of one of said inner core and 
said outer core increases from the core center to- 

20 ward the outside. 

3. A single mode optical fiber as claimed in claim 2. 
wherein a center portion of said inner core has a 
concave portion of An(r) which satisfies a relation 

25 of: 

Jo«An(r)dr ^ 5Jo^3An(r)dr 
where An(r) designates a relative refrac- 
tive index difference in a portion at a distance r 
from the center of said optical fiber. 

30 

4. A single mode optical fiber as claimed In claim 1 , 
wherein a mode field diameter of said optical fib- 
er is larger than 9 ^m. 

35 5. A single mode optical fiber comprising: 

an inner core portion having a diameter of 
2a and a refractive Index n^; 

an outer core portion having a diameter of 
2b and a refractive index n2 which is smaller than 
40 the refractive index ni of said inner core portion, 
said outer core being disposed around said Inner 
core; 

a clad portion disposed around said outer 
core portion, which has a refractive index no, 
45 wherein said single mode optical fiber sat- 

isfies relations of: 

0.70% ^ Ani = 0.85%, 
0.06^ Anj/Ani ^ 0.12, 

and 

so 0.20 m 2a/2b ^ 0.28 

where Ani = (ni^-no^yni^. and An2 = (02^- 
noW- 

6. A single mode optical fiber as claimed in claim 5, 
55 wherein said single mode optical fiber has at least 

one region in which the relative refractive index 
difference of at least of one of said inner core and 
said outer core increases from the core center to- 



ll 



21 
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22 



ward the outside. 

7. A single mode optical fiber as claimed In claim 6, 
wherein a center portion of said inner core has a 
concave portion of An(r) which satisfies a relation 5 
of: 

Jo»An(r)dr ^ 5Jo^An(r)dr 
where An(r) designates a relative refrac- 
tive index difference in a portion at a distance r 
from the center of said optical fiber. io 

8. A single mode optical fiber as claimed in claim 5, 
further comprising an inner clad region in which 
an average value Ano' of relative refractive index 
difference is negative, said inner dad region be- is 
ing provided between said outer core and said 
clad. 



no2)/n22. 

13. Asingle mode optical fiber as claimed In claim 12, 
wherein said single mode optical fiber satisfies 
the relation of: Ani ^ 1.2%. 

14. A single mode optical fiber as claimed in claim 1 2, 
wherein said single mode optical fiber has a re- 
gion in which the refractive index of said inner 
core increases from the center of said inner core 
toward the outside of said inner core. 

1 5. A single mode optical fiber as clai med in claim 1 2, 
wherein a mode field diameter of said optical fib- 
er Is larger than 8 ^m. 



9. A single mode optical fiber as claimed in claim 8, 
wherein said inner dad having a diameter 2c, said 20 
inner clad satisfying the relation of: 

3b € 2c £ 9b, 

and 

the value of S defined by the expression of: 

S = Jb«^An(r)dr 2S 
satisfies the relation of: 

S g - 0.06^m 
where An(r) designates the relative refractive In- 
dex difference at a position of distance n from the 
center of the optical fiber. 30 

10. A single mode optical fiber as dalmed in claim 8, 
wherein the specific refractive index decreases 
toward the outside in the region which occupies 

at least 1/3 of the width of said inner clad region as 
on the outer portion of said inner dad region. 

11. Asingle mode optical fiber as claimed in claim 5, 
wherein a mode field diameter of said optical fib- 
er is larger than 8 ^m. 40 

12. Asingle mode optical fiber comprising: 

an inner core portion having a diameter of 
2a and a refractive index n^; 

an outer core portion having a diameter of 45 
2b and a refractive index n2 which is smaller than 
the refractive index ni of said inner core portion, 
said outer core being disposed around said inner 
core; 

a dad portion disposed around said outer so 
core portion, which has a refractive index n©, 

wherein said single mode optical fiber sat- 
isfies relations of: 

Ani ^ 0.7%. 
0.06 ^ An2/Ani ^0.16, 55 

and 

0.15 ^2a/2b^ 0.3 
where Ani = (ni^no^yni^, and An2 = (n22- 
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FIG. 1 
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FIG. 2A 
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FIG. 6A 
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FIG. 6B 
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FIG. 7 



FIG. 8 
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FIG. 9A 
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FIG. 10 



FIG. 11A 



FIG. 11B 
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FIG. 12 
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FIG. 14A FIG. 14B 
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